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Tomorrow we’ll start at 9:30am

Bldg 555 

(Chemistry)

cafeteria

Bldg 535 

(Instrumentation Division)
9:30 am

11 am
Bldg 510 

(Physics)
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Sterile Neutrino and the Short 
Baseline Neutrino (SBN) Program

7/7/2022

Chao Zhang

Electronic Detector Group, Physics Department
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LAr R&D Facility @BNL

2 L Test Stand 20 L Test Stand 260 L R&D Facility
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Short Baseline Neutrino Program

Multiple LArTPC experiments at 
different distances to search for 
eV-mass-scale sterile neutrinos 

MicroBooNE: took data in 2015 – 2021

ICARUS: started physics data taking this year

SBND: install detector now; expect to take data 

next year 
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Outline

❑ Neutrino

❑ Neutrino oscillations

❑ Sterile neutrino

❑ the Short Baseline Neutrino (SBN) 
Program @Fermi Lab
▪ MicroBooNE

▪ SBND

▪ ICARUS

❑ Tomorrow: LArTPC data analysis
▪ From raw data to event reconstruction

▪ Deep Neural Network in LArTPC analysis

“Never underestimate 

the joy people derive 

from hearing something 

they already know.”

- Enrico Fermi

A Particle Physicist
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Outline

❑ Neutrino

❑ Neutrino oscillations

❑ Sterile neutrino

❑ the Short Baseline Neutrino (SBN) 
Program @Fermi Lab
▪ MicroBooNE

▪ SBND

▪ ICARUS

❑ Tomorrow: LArTPC data analysis
▪ From raw data to event reconstruction

▪ Deep Neural Network in LArTPC analysis

“Never underestimate 

the joy people derive 

from hearing something 

they already know.”

- Enrico Fermi

The little neutral one

A Particle Physicist
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Physics of Everyday Life

Gravity
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Physics of Everyday Life

Gravity

Electromagnetic force

electron

nucleus
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Physics of Everyday Life

Gravity

Strong nuclear force

proton neutron

Electromagnetic force

electron

nucleus
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Beta Decay and the Energy Crisis

number of protons

number of protons 

and neutrons

1899 – 1927

Rutherford, Meitner, Hahn, Chadwick, Ellis, Mott, et. al

Weak nuclear force
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Beta Decay and the Energy Crisis

number of protons

number of protons 

and neutrons

1899 – 1927

Rutherford, Meitner, Hahn, Chadwick, Ellis, Mott, et. al

Weak nuclear force
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Neutrino: Proposed as a hypothetical 
particle

1930: Pauli’s letter to physicists 

at a workshop in Tubingen

Dear Radioactive Ladies and Gentlemen,

“I have done a terrible thing. I have postulated 

a particle that cannot be detected.”
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The Elusive Neutrinos

❑ An intensive neutrino source: a billion trillion (~1021) ν per second

❑ A huge neutrino detector: tons to kilotons of target material

❑ A distinctive method to tell “neutrino interactions” from other backgrounds 

ν

ν

100 million Earths

Neutrino detection requires:

Weak nuclear force



1414

Neutrinos: First Detection

Frederick Reines and Clyde Cowan first 
detected (anti)neutrinos using the 
Savanah River nuclear reactor in South 
Carolina in 1956. (26 years after Pauli’s 
proposal)

Series of beta decays

❑Pure electron antineutrinos

❑Intensive: 2 x 1020 ν / sec / gigawatt

❑Free (to physicists) 

Nuclear reactors 

Nuclear fission

Fission fractions in a typical 

power reactor

235U 55%

239Pu 30%

238U 10%

241Pu 5%
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Detecting Reactor Neutrinos with Liquid 
Scintillator Detectors (Chemistry lab tour)

Daya Bay Reactor Neutrino Experiment

20-ton Gd-loaded

liquid scintillator
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Neutrino “Flavors”
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Neutrino “Flavors”
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Discovery of muon neutrino in 1962 at AGS

World’s first accelerator neutrino experiment
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Outline

“Neutrinos tell us what 

happened in the center of the 

Sun eight minutes ago.”

- Raymond Davis, Jr.
A Brookhaven Chemist

❑ Neutrino

❑ Neutrino oscillations

❑ Sterile neutrino

❑ the Short Baseline Neutrino (SBN) 
Program @Fermi Lab
▪ MicroBooNE

▪ SBND

▪ ICARUS

❑ Tomorrow: LArTPC data analysis
▪ From raw data to event reconstruction

▪ Deep Neural Network in LArTPC analysis
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The Solar Neutrino Problem

Raymond Davis Jr.
❑ 100,000 gallons of cleaning 

fluid (Perchloroethylene, C2Cl4)

❑ 4850 feet underground in the 

Homestake mine, South Dakota

❑ Atoms of 37Ar extracted by 

helium purge every few months 

and counted

❑ < one 37Ar atom produced 

per day by neutrino capture 

𝜈𝑒 + 17
37𝐶𝑙 → 18

37𝐴𝑟 + 𝑒−

R. Davis testing the eductors for the 

Homestake detector’s argon-extraction 

system in BNL’s swimming pool. 
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The Solar Neutrino Problem

Raymond Davis Jr.

𝜈𝑒 + 17
37𝐶𝑙 → 18

37𝐴𝑟 + 𝑒−

expected rate

❑ An experimental endeavor over 25 years

❑ Solar neutrino was detected for the first time

(Nobel prize 2002)

❑ But 2/3 of them seemed to be missing

(first hint of neutrino oscillations)
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Neutrino “Flavor” vs “Mass” States

mass state ν1, ν2, ν3

fl
a

v
o

r 
s

ta
te

ντ

νe

νμ
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Neutrino Mixing

ντ

ντ

ντ

νμ νμ

νμ

νe
νe

νe

ν3

ν2

ν1

ντντ

ντντ
ντ

ντ

ντ

νμ

νμ

νμ νμ

νμ νμ

νμ

νe

νe

νe

νe νe

νe

νe

+

+

=
❑ Neutrino flavors transform as they travel

❑ At the detector, the original neutrino flavor 

may disappear, or a new flavor may appear
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Neutrino Oscillations

= sin2 2𝜃 ⋅ sin2(1.27|Δ𝑚2| ⋅
𝐿 (𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)

𝐸(𝑒𝑛𝑒𝑟𝑔𝑦)
)

Probability of one flavor transforming to another

amplitude

(mixing angle)

frequency

(mass2 difference)

❑Neutrino flavor 

states must “mix” 

with mass states

❑Neutrinos must 

have mass

= 1 − sin2 2𝜃 ⋅ sin2(1.27|Δ𝑚2| ⋅
𝐿

𝐸
)survival probability

νe
─

νe
─

νe
─

νe
─

νe
─

νe
─ νe

─

νμ
─ ντ

─

νe
─

detector
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Image credit: H. Murayama

Δm2 ~ 7.5 x 10-5 eV2
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Image credit: H. Murayama

Δm2 ~ 7.5 x 10-5 eV2

Daya Bay data 2014

Δm2 ~ 2.5 x 10-3 eV2
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L ~ 1.6 km

2008
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The Three-neutrino Mixing Scheme

< ~1 eV

~7.5 x 10-5 eV2

~2.5 x 10-3 eV2
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The Three-neutrino Mixing Scheme

< ~1 eV

~7.5 x 10-5 eV2

~2.5 x 10-3 eV2

νe mixing in ν3 : ~2% 

(Daya Bay)
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The Three-neutrino Mixing Scheme

< ~1 eV

~7.5 x 10-5 eV2

~2.5 x 10-3 eV2

νe mixing in ν3 : ~2% 

(Daya Bay)

νe mixing in ν2 : ~1/3 

(Solar ν, KamLAND)



3030

The Three-neutrino Mixing Scheme

< ~1 eV

~7.5 x 10-5 eV2

~2.5 x 10-3 eV2
νμ mixing in ν3 : ~1/2 

(Accelerator ν, Atmospheric ν) 

νe mixing in ν3 : ~2% 

(Daya Bay)

νe mixing in ν2 : ~1/3 

(Solar ν, KamLAND)
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Outline

“I knew about Europium.”

- Maurice Goldhaber

Director of BNL (1961-1973)

❑ Neutrino

❑ Neutrino oscillations

❑ Sterile neutrino

❑ the Short Baseline Neutrino (SBN) 
Program @Fermi Lab
▪ MicroBooNE

▪ SBND

▪ ICARUS

❑ Tomorrow: LArTPC data analysis
▪ From raw data to event reconstruction

▪ Deep Neural Network in LArTPC analysis
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Discovery of Neutrino Helicity

Phys. Rev. 109, 1015 (1957)

L. Grodzins working on the 

helicity-of-neutrino setup built from 

an electromagnet (with a 152Eu 

source), a lead cone, and a 

cardboard (with 152Sm powders) 
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Discovery of Neutrino Helicity

Phys. Rev. 109, 1015 (1957)

L. Grodzins working on the 

helicity-of-neutrino setup built from 

an electromagnet (with a 152Eu 

source), a lead cone, and a 

cardboard (with 152Sm powders) 

Neutrinos are only left-handed
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Discovery of Neutrino Helicity

Phys. Rev. 109, 1015 (1957)

L. Grodzins working on the 

helicity-of-neutrino setup built from 

an electromagnet (with a 152Eu 

source), a lead cone, and a 

cardboard (with 152Sm powders) 

Neutrinos are only left-handed

neutrinos are massless
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Sterile Neutrino: Proposed as a 
hypothetical particle

Neutrino Oscillations

Neutrinos have mass

Left-handed neutrinos  

νe νμ ντ

Right-handed neutrinos  

νs

active neutrinos sterile neutrinos

experience weak nuclear force don’t experience any known forces (except gravity)
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Sterile Neutrino: Proposed as a 
hypothetical particle

Neutrino Oscillations

Neutrinos have mass

Left-handed neutrinos  

νe νμ ντ

Right-handed neutrinos  

νs

active neutrinos sterile neutrinos

experience weak nuclear force don’t experience any known forces (except gravity)

“I have done a terrible thing. I have postulated 

a particle that cannot be detected.”
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How to Detect Sterile Neutrinos?

A sterile neutrino may mix with active neutrinos 
through a new “mass state”

A sterile neutrino can cause a new oscillation 
pattern at a different mass scale

KamLAND: 180 km, Δm2 ~ 7.5 x 10-5 eV2

Daya Bay : 1.5 km,  Δm2 ~ 2.5 x 10-3 eV2

New experiment: ?? km,  Δm2 ~ ?? eV2

??

~2.5 x 10-3 eV2

νs

3+1 mixing model
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Mass Scale of Sterile Neutrinos

❑ Mass scale of sterile neutrinos can be anywhere
▪ heavy sterile neutrinos (~1015 GeV) may explain the 

lightness of active neutrinos 

▪ keV-scale sterile neutrinos are possible 
dark matter candidate

▪ eV-scale sterile neutrinos are approachable by 
neutrino oscillation experiments

Image credit: ghostsintheuniverse.org

1015 GeV

νs

νs

ν

ghostsintheuniverse.org
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Hints of “eV-mass-scale” Sterile Neutrinos

Source Search method
Distance / 

Energy (L/E)

Reactor 

Antineutrino 

Anomaly
νe

νe
disappearance

m / MeV

Neutrino-4 

Anomaly
νe

νe
disappearance

m / MeV

Gallium/BEST 

Anomaly νe
νe

disappearance
m / MeV

LSND 

Anomaly
νμ

νe
appearance

30 m / 30 MeV

MiniBooNE

Anomaly
νμ / νμ

νe / νe
appearance

500 m / 500 

MeV

─

─

─

─

─

─

─

─

Target of the SBN program
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The MiniBooNE Anomaly

electron neutrino energy (GeV) 

e
v
e
n

ts
 /

 M
e
V

Data

Prediction

❑ MiniBooNE have observed low-energy excess (LEE) of electron-neutrino-like 

events since 2007

▪ Most recent results have a 4.8σ (systematics limited) significance

❑ If LEE is interpreted as νe appearance in the primarily νµ beam, would suggest a 

4th (sterile) eV-scale neutrino

Phys. Rev. D103, 052002

BNB 18.75 × 1020 POT

(2002 - 2019)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
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MiniBooNE: A Cherenkov Detector
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MiniBooNE: A Cherenkov Detector

The MicroBooNE experiment was proposed to understand the nature of MiniBooNE

LEE (e or γ?) with the Liquid Argon Time Projection Chamber (LArTPC) technology
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Liquid Argon Time Projection Chamber (LArTPC) 

TPC as 4𝜋 charged particle detector

❑ 3D reconstruction with a fully

active volume

LAr+TPC to obtain fine-grained 3D tracking

with local dE/dx information and fully active 

target medium

1974

1974

1977

LAr as total absorption calorimeter

❑ Dense, abundant and cheap

❑ Ionization and scintillation signals

❑ Pioneering paper lays out 

electrode geometry and signal 

processing in a liquid argon 

ionization chamber
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time

Liquid Argon Time Projection Chamber (LArTPC) 

❑ ~mm scale position resolution 
in 3D

drift speed 1.6 m / milisec

wire pitch 3 mm

From Bo Yu (BNL)
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Particle Identification in LArTPC

❑ Separate EM showers (e/γ) from tracks (proton, muon): topology

❑ Separation e from γ: gap identification + dE/dx 

▪ advantage over Cherenkov detector 

𝜈𝑒 + 𝑛 → 𝑝 + 𝑒−
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MicroBooNE
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MicroBooNE Timeline

❑ Oct. 2007: MicroBooNE was proposed

❑ Jun. 2012: Start TPC construction

❑ Dec. 2014: Complete detector
installation

❑ Jun. 2015: Fill detector with liquid
argon

❑ Aug. 2015: Turn on detector

❑ Oct. 2015: Start neutrino beam data-
taking

Successful demonstration of:

❑ Cold, low noise electronics

❑ Excellent (near perfect) purity

❑ Variety of detector physics

▪ Signal processing, diffusion, 

space charge, etc.

❑ Stable, long-term running

• 500k interactions over 5 years
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Cold electronics 
(Lab tour @3pm today)

❑ Placing the preamplifier inside LAr

significantly reduced the electronics noise 

(5-6 times compared to past warm 

electronics)

❑ ~40:1 (20:1) MIP peak-to-noise ratio in the 

collection (induction) wire plane

JINST 12, P08003 (2017)
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Largest Sample of Neutrino Interactions 
on Argon in the World

First Results in 2021 from run 1 – 3 (~7e20 protons-on-target) 

2015-10-15 first beam
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❑ Restricting to quasi-
elastic kinematics 
(Deep Learning , 1e1p)

❑ MiniBooNE-like final 
state (Pandora, 
1eNp0π, 1e0p0π)

❑ Inclusive ne final states 
(Wire-Cell, 1eX)

Deep Learning 

1e1p

Pandora 

1eNp0π

Pandora

1e0p0π

Wire-Cell

1eX

MicroBooNE 
First Results

No νe excess were observed 

in all 4 different final state 

topologies

Phys. Rev. Lett. 128, 241801 (2022)
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Video: SBND Detector Assembly

SBND Video

file:///C:/Users/czhang/Desktop/sbnd.mp4
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ICARUS
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Short Baseline Neutrino Program

Multiple LArTPC experiments at 
different distances to search for 
eV-mass-scale sterile neutrinos 

MicroBooNE: took data in 2015 – 2021

ICARUS: started physics data taking this year

SBND: install detector now; expect to take data 

next year 
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Future: DUNE will be ~x100 Bigger

MicroBooNE, 87 ton

2.3m x 2.5m x 10.4m

SBND, 112 ton

4m x 4m x 5m

ICARUS, 476 ton

1.5m x 2.2m x 18m x 4

DUNE, 40,000 ton

14m x 12m x 58m x 4
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Deep Underground Neutrino Experiment

❑ DUNE will be the flagship neutrino 
experiment in the U.S. for the next 
20 years
▪ 40 kt LArTPC as the far detector

▪ Expect first data taking in late 2020s 

❑ CP violation in neutrino sector

❑ Neutrino mass ordering

❑ Precision neutrino oscillation parameters

❑ Phenomenon from sterile neutrinos

❑ Supernova neutrinos

❑ Nucleon decay

❑ …
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Tomorrow: LArTPC Data Analysis

❑ What do raw data in LArTPC look like?

❑ How to turn raw data into 2D images

❑ How to reconstruct a 3D event from 2D images

❑ How to learn physics quantities from the 3D event

❑ How to apply Deep Neutral Network in LArTPC analysis
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Backup Slides
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